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Producing  an  intense,  collimated  beam  of  low-frequency  sound 
via  nonlinear  interaction  in  air  (parametric  array) 


The  goal  of  this  task  is  to  produce  an  intense,  collimated  beam  of  low-frequency  (200-1000  Hz)  sound 
that  can  be  directed  to  insonify  a  chosen  target  area. 

A  straightforward  approach  to  producing  such  a  beam  is  to  use  a  linear  array  of  low-frequency  sources 
in  an  end-fire  configuration.  The  angular  width,  5  ,  of  a  monochromatic  beam  is  (Barger,  1998) 


where  A  is  wavelength  and  L  is  the  length  of  the  array.  For  a  5  °  beam- width  we  would  need  an 
array  about  1 1 A  long.  At  1000  Hz  a  5  °  array  would  be  3.6  meters  long;  at  500  Hz,  7.2  meters 
long,  and  at  200  Hz  18  meters  long. 

A  7  meter  linear  array  would  be  cumbersome,  space-consuming,  and  difficult  to  manipulate.  We  avoid 
these  problems  by  exploiting  parametric  array  technology  (Westerveldt,  1963)  which  allows  us  to 
replace  a  physical  array  by  a  virtual  array  created  by  nonlinear  propagation  of  intense  sound  beams. 

It's  helpful  to  step  through  a  specific  example  of  this  process:  the  figure  below  diagrams  the  process 
approximately  as  it  occurs  in  the  specific  parametric  array  we  built  for  this  project. 


On  the  left  is  a  single  ceramic  ultrasound  transducer.  In  our  case  this  is  a  cylindrical  element  a  few 
inches  on  a  side  which  produces  an  ultrasonic  beam  at  40  kHz  this  is  about  14°  wide.  We  drive  the 
transducer  with  the  sum  of  a  40  kHz  and  a  40.5  kHz  sinusoidal  signal.  The  transducer  produces  two 
ultrasonic  beams,  one  at  each  frequency,  of  about  the  same  spatial  extent.  The  zone  where  both  beams 
have  high  intensity  is  shown  as  an  elongate  oval. 
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So  far  we  simply  have  two  superimposed  ultrasonic  signals.  The  magic  occurs  when  the  signals  are 
strong  enough  that  propagation  in  the  interaction  zone  is  non-linear.  When  this  happens  additional 
signals  comprising  the  sum  and  difference  of  the  harmonics  of  the  driving  signals  are  generated.  It 
turns  out  that  the  strongest,  and  the  one  of  most  interest  to  us,  is  the  signal  at  the  difference  frequency; 
in  this  case,  500  Hz.  This  low-frequency  energy  is  generated  throughout  the  interaction  volume  and  it 
happens  to  have  precisely  the  phase  distribution  needed  to  function  as  an  end-fire  array  down  the  axis 
of  the  interaction  zone.  The  result  of  all  this,  then,  is  that  a  physically  compact  source  element,  the 
ceramic  transducer,  can  generate  a  focused  low-frequency  beam  that  would  otherwise  require  a  much 
larger  source  element. 

The  principal  downside  of  the  parametric  array  process  is  its  inefficiency.  We  need  both  a  large 
interaction  zone,  for  directivity,  and  strong  difference-frequency  generation  to  have  a  useful  system. 
These  requirements  drive  us  to  pump  as  much  power  as  practicable  into  the  ultrasonic  driving  signals. 

In  the  system  we  developed,  we  chose  to  implement  an  array  of  25  medium-power  (Airmar  AR41) 
transducers,  each  driven  by  a  separate  amplifier.  Below  are  photos  of  the  final  system  during  outdoor 
testing.  The  amplifier  bank  is  mounted  behind  the  transducer  array  and  the  power  control  unit  is  on  the 
lower  level  of  the  carrier. 


In  initial  field  tests,  the  system  drew  about  3  kW  from  the  power  mains.  To  check  the  performance  of 
individual  elements  we  took  thermal  images  (below)  of  the  transducer  array  (left)  and  the  amplifier 
banks  (right).  Note,  for  example,  that  one  transducer  and  its  associated  amplifier  show  no  heating 
during  operation.  In  this  instance  we  discovered  that  the  transducer  had  burned  out  and  replaced  it. 
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The  next  figure  shows  the  angular  dependence  of  received  signal  amplitude  of  a  1  kHz  signal  at  a  range 
of  10  meters.  (These  measurements  and  the  subsequent  ones  are  corrupted  by  high  levels  of  ambient 
mechanical  noise  during  the  field  test.)  We  estimate  the  half-power  beam- width  to  be  roughly  10 
degrees. 


Angle  Tests  at  10  meters 


The  next  figure  shows  amplitude  versus  range  for  a  1  kHz  signal.  The  test  site  was  a  large  quad  at 
Colorado  School  of  Mines  and  the  irregularities  in  signal  decay  with  range  reflect,  we  believe,  both 
ambient  noise  and  multipathing. 


Range  Tests 


Summary 

We  have  constructed  a  parametric  array,  of  approximately  3  kW  input  power,  which  provides  a 
collimated  beam  of  low-frequency  sound  from  a  (relatively)  physically  compact  device.  Preliminary 
field  tests  verify  that  the  array  is  functioning  as  theory  predicts. 
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